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According to current market demands, there is an increasing need for improved conservation method-
ologies. In addition to an extension in shelf-life, food products should preserve their compositional
integrity and bioactive properties throughout storage time. Irradiation technology has been progressively
considered as a feasible conservation technology. Electron-beam irradiation, in particular, might be
predominantly suitable to be applied in food products with reduced thickness, such as aromatic and
medicinal plants. In this study, the effects of e-beam irradiation on chemical, nutritional and antioxidants
parameters of different plant species were evaluated. To assess the potential of this technology over
extended periods, plant samples were stored for the ﬁrst time up to a maximum of 18 months. Despite
some heterogeneity among the effects produced in each plant species, electron-beam treatment atten-
uated the reduction of individual compounds (primarily, free sugars, organic acids, tocopherols and
polyunsaturated fatty acids) veriﬁed in non-irradiated samples, showing its potential as an alternative
conservation technology.
© 2017 Elsevier Ltd. All rights reserved.1. Introduction
Food irradiation is being progressively categorized as a versatile,
efﬁcient, safe, secure and highly effective conservation technique.
Reasons underlying this classiﬁcation are related with its ability to
provide stability to nutritious foods, besides preserving health-
promoting properties during longer storage periods (Cabo Verde
et al., 2010; Hunter, 2000; Roberts, 2014).
From a legal standpoint, safety and efﬁciency of food irradiation
have been recognized by authorities such as the World Health Or-
ganization (WHO), the International Atomic Energy Agency (IAEA),
and the Food Agriculture Organization FAO (Farkas & Mohacsi-
Farkas, 2011; Farkas, 2006) regarding three types of ionizing radi-
ation: gamma radiation, X-rays and electron-beam (EU, 1999).
Gamma radiation derives from the spontaneous emission of
60Co or 137Cs isotopes; X-rays are produced by the impact ofaccelerated electrons on a metallic target, which deaccelerates the
electrons, emitting electromagnetic radiation by a physical phe-
nomenon designated as “bremsstrahlung” (literally, braking radi-
ation); electron-beam (e-beam) radiation is produced by
accelerating a stream of electrons, focusing them into beams that
can be directed to food products on the conveyor belt (mega elec-
tron volt) (Farkas, 2008). Despite being able to reach higher en-
ergies than X-rays or gamma rays, the maximum energy in food
processing is limited to 10 MeV, due to technical and safety reasons
(EU, 1999). In addition, e-beam irradiation requires short time, is
less expensive and does not produce nuclear waste (Wei et al.,
2014).
The speciﬁc characteristics of e-beam irradiation make it
particularly suitable for food products with low density and small
size, such as aromatic and medicinal herbs. These plants might
suffer chemical and biological contaminations throughout their
production process (harvesting, drying, packaging and storage),
causing spoilage, quality deterioration and consequently economic
loss (Darfour, Agbenyegah, Ofosu, Okyere, & Asare, 2014).
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industry (Katusǐn-Razem, Novak, & Razem, 2001; Haleem, Salem,
Fatahallah, & Abdelfattah, 2014), attaining a feasible conservation
and decontamination treatment for these matrices might represent
good technological advantages.
Besides its decontaminating effectiveness, e-beam irradiation,
such as any other preserving treatment, should be able to maintain
(or ideally improve) as much characteristics as possible of the
treated product (Migdal & Owczarczyk, 1998). Therefore, it is
mandatory to evaluate if the chemical proﬁles (especially consid-
ering individual compounds), physical parameters (particularly
those related to the product appearance) and bioactive properties
(e.g., antioxidant activity) are globally maintained throughout
storage time (Nagy, Solar, Sontag, & Koenig, 2011).
Herein, the nutritional, chemical and antioxidant properties of
aromatic herbs with highly disseminated use (A. citrodora Palau,
M. ofﬁcinalis L., M. melissophyllum L. and M. pipperita L.) were
evaluated in non-irradiated and e-beam irradiated samples sub-
mitted to a maximum storage of 18 months (Pereira, Antonio,
Rafalski, et al., 2015). The main purpose was verifying if e-beam
treatment had the ability to preserve the initial characteristics of
the plant species, validating the process in natural matrices where
this extended storage periods were not tested before, thereby
providing additional commercial opportunities.
2. Materials and methods
2.1. Samples
Plant material was obtained from representative species:
(Aloysia citrodora Palau,Melissa ofﬁcinalis L.,Melittis melissophyllum
L. and Mentha pipperita L.) as previously described (Pereira,
Antonio, Rafalski, et al., 2015; Pereira, Antonio, Barreira, et al.,
2015). Samples were analysed immediately after irradiation (0
months) and after storage in a dry place protected from light for 12
and 18 months. For each period, individual sample groups (unir-
radiated or irradiated with a 10 kGy dose) were analysed.
2.2. Standards and reagents
Solvents such as acetonitrile, n-hexane and ethyl acetate (HPLC
grade) were purchased from Fisher Scientiﬁc (Lisbon, Portugal).
Fatty acids methyl ester (FAME, standard 47885-U) mixture was
purchased from Sigma (St. Louis, MO, USA), as also other individual
standards such as trolox, tocopherol (a- and d-isoforms), sugar ((D-
()-fructose, D-(þ)-sucrose, D-(þ)-glucose, D-(þ)-trehalose and D-
(þ)-rafﬁnose pentahydrate) and organic acids (oxalic acid, quinic
acid, malic acid, citric acid and fumaric acid). Tocol (50 mg/mL), b-
tocopherol and l-tocopherol were purchased from Matreya
(Pleasant Gap, PA, USA). Water was treated in a Milli-Q water pu-
riﬁcation system (TGI Pure Water Systems, Greenville, SC, USA).
2.3. Irradiation treatment
In this process three types of dosimeters were used (a standard
dosimeter, a graphite calorimeter, and two routine dosimeters:
Gammachrome YR and Amber Perspex) (from Harwell Company;
Oxfordshire, UK). Electron-beam irradiation was conducted at the
Institute of Nuclear Chemistry and Technology, Warsaw, Poland
(Pereira, Antonio, Rafalski, et al., 2015). Irradiation was performed
in an e-beam irradiator of 10 MeV of energy with a pulse duration
of 5.5 ms, a pulse frequency of 440 Hz and an average beam current
of 1.1 mA; the scan width was 68 cm, the conveyer speed was
settled to the range 20e100 cm/min and the scan frequency was
5 Hz. The estimated absorbed dose for irradiated samples was10.09 kGy, with a maximum uncertainty of 20%. In the Amber
Perspex and Gammachrome YR dosimeters, the irradiation dose
was estimated by spectrophotometric measurement at 603 nm and
530 nm, respectively, by comparison with a calibration curve. For
the graphite calorimeter the electrical resistance was read and
converted in dose according to a calibration curve, obtained during
the Quality Control procedures of the irradiation equipment and
facility.
2.4. Nutritional composition
Protein, fat, carbohydrates and ash content was determined
following ofﬁcial procedures (AOAC, 2002). Crude protein content
was determined by the macro-Kjeldahl method (N  6.25); crude
fat was determined with a Soxhlet apparatus by extracting (z12 h)
a known weight of sample with petroleum ether; ash content was
determined by incineration in a mufﬂe furnace (600 ± 15 C) until a
whitish ash appear; carbohydrates were calculated by difference.
The energetic value was calculated according to the equation: En-
ergy (kcal) ¼ 4  (gprotein þ gcarbohydrates) þ 9  (gfat).
2.5. Colour measurement
Colour parameters were evaluated using a colorimeter (model
CR-400, from Konica Minolta Sensing, Inc., Japan), with an adapter
for granular materials (model CR-A50). The illuminant C and dia-
phragm aperture of 8 mmwere used. CIE L*a*b* colour space values
were registered using “Spectra Magic Nx” software (version CM-
S100W 2.03.0006, Konica Minolta, Japan).
2.6. Chemical composition
2.6.1. Sugars
Free sugars were determined and analysed by HPLC coupled to a
refractive index detector (Barros et al., 2013). Dried extracts (z1 g)
were spiked with melezitose (internal standard) (IS, 5 mg/mL), and
extracted with 40 mL of 80% aqueous ethanol at 80 C for 30 min.
The resulting suspension was centrifuged (Centurion K24OR
refrigerated centrifuge, West Sussex, UK) at 15,000 g for 10 min.
The supernatant was concentrated at 60 C under reduced pressure
and defatted three times with 10 mL of ethyl ether. After concen-
tration at 40 C, the solid residues were dissolved inwater to a ﬁnal
volume of 5 mL and ﬁltered through 0.2 mmWhatman nylon ﬁlters.
Compounds were identiﬁed by chromatographic comparisons with
authentic standards and quantiﬁed using the internal standard
method. Data were analysed with a Clarity 2.4 Software (DataApex,
Prague, Czech Republic).
2.6.2. Organic acids
Organic acids were determined following a previously opti-
mized procedure (Barros et al., 2013). Samples (z2 g) were
extracted by stirring with 25 mL of meta-phosphoric acid (25 C,
150 rpm, 45 min) and subsequently ﬁltered through Whatman No.
4 paper. Before analysis, samples were ﬁltered again through
0.2 mm nylon ﬁlters. UFLC-DAD (Shimadzu Corporation, Kyoto,
Japan) was used for the analyses, using 215 nm as preference
wavelength. Organic acids were quantiﬁed using calibration curves
obtained from commercial standards of each compound. Data were
analysed with LabSolutions software (Shimadzu Corporation,
Kyoto, Japan).
2.6.3. Tocopherols
Tocopherols were determined by HPLC coupled to a ﬂuores-
cence detector (Knauer, Berlin, Germany), using a procedure pre-
viously described by Pereira, Barros, and Ferreira (2013). Samples
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for 1 min. Subsequently, 4 mL hexane was added and vortexed
again (1 min). Then 2 mL saturated NaCl aqueous solution was
added, the mixture was homogenized (1 min), centrifuged (5 min,
4000 g) and the clear upper layer was carefully transferred to a vial.
Each sample was re-extracted twice with hexane. Combined ex-
tracts were taken to dryness under a nitrogen stream, re-dissolved
in 2 mL of n-hexane, dehydrated with anhydrous sodium sulphate,
ﬁltered through 0.2 mm nylon ﬁlters (Whatman) and transferred
into a dark injection vial for the analysis. Chromatographic com-
parisons with standards were made to identify the compounds.
Quantiﬁcation was based on the ﬂuorescence signal response of
each standard, using tocol as the internal standard. Data was ana-
lysed with Clarity 2.4 Software (DataApex, Prague, Czech Republic).2.6.4. Fatty acids
Fat was extracted with petroleum ether in a Soxhlet apparatus.
Fatty acids (obtained after Soxhlet extraction) were methylated
with 5 mL of methanol:sulphuric acid:toluene 2:1:1 (v/v/v), during
at least 12 h in a water bath (50 C; 160 rpm); then 3 mL of
deionized water was added to obtain phase separation; FAME were
recovered with 3 mL of diethyl ether by shaking in vortex, and the
upper phase was dehydrated with sodium sulphate anhydrous;
ﬁnally samples were ﬁltered through 0.2 mm nylon ﬁlter (What-
man). The analysis was made using gas-liquid chromatography
with ﬂame ionization detection (GC-FID) (Pereira et al., 2013).Table 1
Proximate composition, energy and colour parameters variation (differential percentage in
to electron-beam at 10 kGy and storage time. The results are presented as mean ± stand
Fat Protein Ash
Aloysia citrodora (lemon verbena)
Control (0 months, 0 kGy) 1.6 ± 0.1 3.0 ± 0.1 8.2 ± 0.1
Electron-beam (EB) 0 kGy 35 ± 9 46 ± 18 21 ± 3
10 kGy 43 ± 10 1±11 27 ± 5
p-value (n ¼ 18) 0.017 <0.001 <0.001
Storage time (ST) 12 months 34 ± 9 26 ± 29 21 ± 3
18 months 44 ± 8 19 ± 26 27 ± 5
p-value (n ¼ 18) 0.001 0.495 <0.001
(EB  ST) p-value (n ¼ 36) 0.758 0.336 0.066
Melissa ofﬁcinalis (lemon balm)
Control (0 months, 0 kGy) 1.2 ± 0.1 2.5 ± 0.3 8.4 ± 0.4
Electron-beam (EB) 0 kGy 12 ± 11 2 ± 8 32 ± 4
10 kGy 8±8 4 ± 6 28 ± 5
p-value (n ¼ 18) 0.300 0.349 0.670
Storage time (ST) 12 months 8±12 6 ± 6 29 ± 5
18 months 12 ± 6 1 ± 7 30 ± 4
p-value (n ¼ 18) 0.203 0.018 0.212
(EB  ST) p-value (n ¼ 36) 0.118 0.011 0.001
Melittis melissophyllum (bastard balm)
Control (0 months, 0 kGy) 1.8 ± 0.1 4.6 ± 0.2 7.6 ± 0.1
Electron-beam (EB) 0 kGy 3 ± 16 1 ± 10 31 ± 6
10 kGy 6±15 2±8 27 ± 3
p-value (n ¼ 18) 0.121 0.532 0.046
Storage time (ST) 12 months 2±15 1 ± 8 28 ± 4
18 months 2±17 2±10 30 ± 6
p-value (n ¼ 18) 0.998 0.338 0.385
(EB  ST) p-value (n ¼ 36) 0.809 0.623 0.025
Mentha piperita (peppermint)
Control (0 months, 0 kGy) 2.4 ± 0.1 5.1 ± 0.3 9.2 ± 0.2
Electron-beam (EB) 0 kGy 17 ± 12 3±14 29 ± 4
10 kGy 3±10 7±4 28 ± 4
p-value (n ¼ 18) 0.001 0.593 0.405
Storage time (ST) 12 months 2±9 4±12 29 ± 3
18 months 18 ± 11 4±1 28 ± 4
p-value (n ¼ 18) <0.001 0.893 0.763
(EB  ST) p-value (n ¼ 36) 0.476 0.269 0.003Identiﬁcation was made by comparing the relative retention times
of FAME peaks from the samples with standards. Results were
analysed using CSW 1.7 Software (DataApex, Prague, Czech
Republic).
2.7. Evaluation of antioxidant properties
2.7.1. Extracts preparation
Methanolic extracts were prepared from the dry leaves, stirring
the sample (z1 g) with 30 mL of methanol (25 C, 150 rpm, 1 h).
The extracts were then ﬁltered through Whatman No. 4 paper and
the residues were re-extracted under the same conditions. Com-
bined extracts were concentrated under reduced pressure (rotary
evaporator Büchi R-210; Flawil, Switzerland) and re-dissolved in
methanol at 10 mg/mL. For infusion preparation, 2 g of powdered
dry leaves were added to 200 mL of boiling distilled water, left to
stand at room temperature for 10 min, and then ﬁltered under
reduced pressure, frozen, lyophilized and re-dissolved in distilled
water at a ﬁnal concentration of 10 mg/mL.
2.7.2. Antioxidant activity
DPPH radical-scavenging activity, reducing power, inhibition of
b-carotene bleaching, total phenols and total ﬂavonoids were
evaluated by colorimetric assays (Pereira et al., 2013). The results
were then converted to EC50 values (mg/mL) by using the graphs of
the antioxidant activity percentage or absorbance at 690 nm, in thecomparison to the control values: Pereira, Antonio, Rafalski, et al., 2015) in response
ard deviation.
Carbohydrates Energy L* a* b*
87.1 ± 0.1 375 ± 1 49 ± 1 8.4 ± 0.2 27.2 ± 0.3
3 ± 1 2 ± 1 1 ± 3 35 ± 9 6±2
6 ± 1 2 ± 1 2 ± 6 27 ± 18 5±3
<0.001 0.248 0.427 0.083 0.779
4 ± 1 2 ± 1 1 ± 5 29 ± 16 5±3
5 ± 2 2 ± 1 2 ± 4 32 ± 12 6±3
0.008 0.021 0.258 0.580 0.199
0.411 0.226 0.633 0.599 0.239
88 ± 1 372 ± 2 48 ± 1 5.1 ± 0.5 20.9 ± 0.4
5 ± 1 4 ± 1 2 ± 2 13 ± 9 1±3
5 ± 2 4 ± 1 1±3 18 ± 12 2±3
0.773 0.534 0.007 0.195 0.452
5 ± 1 4 ± 1 1 ± 4 15 ± 10 1±3
5 ± 1 4 ± 1 1 ± 3 17 ± 12 2±3
0.953 0.122 0.580 0.619 0.433
0.850 0.003 0.610 0.425 0.064
86.0 ± 0.4 378 ± 1 42 ± 2 8.4 ± 0.5 18 ± 3
4 ± 1 4 ± 1 7±15 18 ± 22 8±8
4 ± 1 3 ± 1 5 ± 14 23 ± 12 3±6
0.135 0.058 0.019 0.396 0.043
4 ± 1 4 ± 1 2±16 20 ± 17 7±8
4 ± 1 4 ± 1 1±15 22 ± 19 4±7
0.295 0.569 0.764 0.718 0.383
0.070 0.134 0.960 0.458 0.530
83.3 ± 0.5 375 ± 1 40 ± 1 5.9 ± 0.1 23.9 ± 0.3
5 ± 1 3 ± 1 1±4 5±38 4±3
4 ± 1 3 ± 1 1 ± 4 362 ± 907 4±5
0.001 0.253 0.081 0.114 0.701
4 ± 1 4 ± 1 1 ± 5 208 ± 730 3±4
5 ± 1 3 ± 1 1±3 159 ± 597 4±4
0.043 0.008 0.955 0.828 0.530
0.005 0.030 0.379 0.781 0.658
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Trolox, a water-soluble analogue of vitamin E, was used as a posi-
tive control.
2.8. Statistical analysis
Three samples (each corresponding to z40 g of dried leaves
from different plants) were analysed for each of the levels of the
assayed factors (irradiation dose, storage time and plant species).
Instead of presenting the absolute measured values, data were
given as a standardized difference among the values obtained for
each treated sample under the same conditions and the respective
control ((treated sample value - control value)/control value 100)
(Pereira, Antonio, Rafalski, et al., 2015).
Since more than one factor might contribute to the variability ofTable 2
Hydrophilic compounds content variation (differential percentage in comparison to the c
10 kGy and storage time. The results are presented as mean ± standard deviation.
Fructose Glucose Sucrose Trehalose Total
sugars
Aloysia citrodora (lemon verbena)
Control (0 months, 0 kGy) 1.0 ± 0.1 1.3 ± 0.1 7.1 ± 0.3 1.2 ± 0.1 10.7 ±
Electron-beam
(EB)
0 kGy 5±19 37 ± 16 12 ± 12 8 ± 24 14 ±
10 kGy 13 ± 14 29 ± 14 41 ± 18 5±18 22 ±
p-value
(n ¼ 18)
0.199 0.119 <0.001 0.072 0.062
Storage time
(ST)
12 months 5±15 26 ± 14 21 ± 18 1±19 14 ±
18 months 13 ± 18 40 ± 14 32 ± 23 5 ± 25 22 ±
p-value
(n ¼ 18)
0.164 0.005 0.143 0.463 0.072
(EB  ST) p-value
(n ¼ 36)
0.454 0.539 0.021 0.533 0.400
Melissa ofﬁcinalis (lemon balm)
Control (0 months, 0 kGy) 1.2 ± 0.1 1.0 ± 0.1 4.8 ± 0.2 0.49 ± 0.05 7.5 ± 0
Electron-beam
(EB)
0 kGy 9±13 49 ± 9 100a 53 ± 8 33 ±
10 kGy 9±16 17 ± 17 100a 7 ± 20 9±14
p-value
(n ¼ 18)
0.986 <0.001 e <0.001 <0.001
Storage time
(ST)
12 months 11 ± 16 32 ± 20 100a 27 ± 29 22 ±
18 months 7±14 34 ± 23 100a 20 ± 39 19 ±
p-value
(n ¼ 18)
0.429 0.768 e 0.543 0.588
(EB  ST) p-value
(n ¼ 36)
0.487 0.423 e 0.046 0.179
Melittis melissophyllum (bastard balm)
Control (0 months, 0 kGy) 1.0 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.28 ± 0.03 5.5 ± 0
Electron-beam
(EB)
0 kGy 20 ± 8 25 ± 7 6±9 504 ± 218 11 ± 1
10 kGy 4±12 5±7 9±6 783 ± 327 26 ± 8
p-value
(n ¼ 18)
<0.001 <0.001 0.326 0.005 <0.001
Storage time
(ST)
12 months 11 ± 12 13 ± 12 5±7 748 ± 339 25 ± 9
18 months 13 ± 14 17 ± 13 9±7 540 ± 241 12 ± 1
p-value
(n ¼ 18)
0.684 0.284 0.089 0.041 0.001
(EB  ST) p-value
(n ¼ 36)
0.671 0.446 0.065 0.727 0.688
Mentha piperita (peppermint)
Control (0 months, 0 kGy) 0.47 ± 0.05 0.30 ± 0.05 0.7 ± 0.1 1.0 ± 0.1 2.4 ± 0
Electron-beam
(EB)
0 kGy 13 ± 14 91 ± 2 45 ± 28 33 ± 20 75 ±
10 kGy 3 ± 20 88 ± 3 4 ± 62 15 ± 50 67 ±
p-value
(n ¼ 18)
0.012 <0.001 0.005 0.001 <0.001
Storage time
(ST)
12 months 2±17 87 ± 2 5±60 1±49 68 ±
18 months 7±21 92 ± 2 36 ± 42 17 ± 40 74 ±
p-value
(n ¼ 18)
0.416 <0.001 0.079 0.299 0.002
(EB  ST) p-value
(n ¼ 36)
0.640 0.070 0.841 0.618 0.953
a This parameter was not detected in the samples treated under these conditions. ndresults, the differences among mean values were compared by
applying an analysis of variance (ANOVA) with type III sums of
squares. The GLM (General Linear Model) procedure of the SPSS (v.
22.0, IBM Corp., Armonk, NY: USA) was used to perform the 2-way
ANOVA. The considered factors were “storage time” (ST) and
“electron-beam dose” (EB). Besides evaluating the inﬂuence of each
factor alone, their interaction (ST  EB) was also evaluated and, if
signiﬁcant, obtained differences were analysed from the estimated
marginal means plots; on the other hand, if the interaction was not
statistically signiﬁcant (p > 0.05), means belonging to each factor
were compared using the t-student test.
Furthermore, principal components analysis (PCA) was applied
to gain overall understanding of the most signiﬁcant effects exerted
by EB and ST, as also their correlation with the standardized vari-
ation calculated for each analytical parameter. The number ofontrol values: Pereira, Antonio, Rafalski, et al., 2015) in response to electron-beam at
Oxalic
acid
Quinic acid Malic acid Shikimic
acid
Citric acid Organic
acids
0.4 1.1 ± 0.1 nd 0.14 ± 0.03 1.4 ± 0.1 1.4 ± 0.1 4.1 ± 0.1
13 18 ± 11 nd 25 ± 12 54 ± 10 62 ± 39 39 ± 13
12 13 ± 13 nd 9±15 51 ± 9 59 ± 43 35 ± 14
0.204 e 0.002 0.314 0.830 0.395
11 17 ± 11 nd 20 ± 18 53 ± 10 21 ± 8 25 ± 7
14 14 ± 13 nd 14 ± 12 52 ± 9 100a 49 ± 6
0.449 e 0.314 0.907 <0.001 <0.001
0.389 e 0.030 0.913 0.121 0.882
.2 0.5 ± 0.1 0.26 ± 0.04 0.4 ± 0.1 4.1 ± 0.2 nd 5.3 ± 0.3
6 25 ± 14 16 ± 26 14 ± 25 32 ± 12 nd 21 ± 11
5±22 5±20 5±19 36 ± 10 nd 21 ± 10
0.002 0.010 0.015 0.297 e 0.934
14 17 ± 17 5±14 10 ± 23 33 ± 9 nd 21 ± 10
18 13 ± 24 15 ± 30 1±24 35 ± 13 nd 21 ± 11
0.550 0.018 0.150 0.572 e 0.813
0.271 0.600 0.732 0.385 e 0.807
.3 1.4 ± 0.1 0.17 ± 0.01 6.0 ± 0.3 0.97 ± 0.05 0.022 ± 0.001 8.6 ± 0.4
0 15 ± 8 20 ± 12 63 ± 2 74 ± 27 27 ± 13 53 ± 6
15 ± 8 1 ± 19 72 ± 5 72 ± 30 24 ± 15 59 ± 8
0.788 <0.001 <0.001 0.809 0.569 0.010
14 ± 6 1 ± 17 65 ± 3 45 ± 9 29 ± 14 50 ± 3
1 15 ± 10 20 ± 14 70 ± 7 100a 22 ± 15 63 ± 5
0.746 <0.001 0.006 <0.001 0.137 <0.001
0.183 0.078 <0.001 0.296 0.321 0.075
.2 1.1 ± 0.1 0.040 ± 0.003 0.9 ± 0.1 nd 8.5 ± 0.2 10.6 ± 0.3
4 26 ± 19 19 ± 25 25 ± 8 nd 18 ± 12 21 ± 8
5 16 ± 13 17 ± 13 39 ± 8 nd 34 ± 5 34 ± 3
0.070 0.723 <0.001 e <0.001 <0.001
5 22 ± 17 29 ± 9 29 ± 10 nd 28 ± 13 28 ± 9
6 20 ± 17 6±20 35 ± 11 nd 24 ± 11 27 ± 9
0.740 <0.001 0.133 e 0.423 0.677
0.788 0.032 0.234 e 0.132 0.258
e not detected.
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Cronbach's alpha and the percentage of total explained variance. In
all cases, the plotted dimensions were kept to a maximum of three
to allow their graphical interpretation in a meaningful way.3. Results and discussion
In previous studies conducted with the plant species assayed
herein, the effects of e-beam (EB) irradiation were evaluated
promptly (as soon as possible) after irradiation treatment (Pereira,
Antonio, Rafalski, et al., 2015). Now, themain purpose is performing
a comprehensive characterization of the effects of e-beam irradia-
tion throughout storage time (ST). To evaluate the effects of EB
independently of ST and vice versa, the results of each factor were
consecutively aggregated. Therefore, the variation in the values
obtained for each parameter should not be regarded as a typical
standard deviation, but instead as the amplitude of values obtained
in samples submitted to different EB doses or ST. To avoid the
variability induced by plant species (some evaluated parameters
presented highly different magnitudes among species), the results
were evaluated considering percentage variations in comparison to
the respective control (unirradiated fresh samples). Every time the
variation laid below 5%, either representing an increase or a
decrease, it was assumed that the irradiation effect was not
signiﬁcant.Table 3
Tocopherols content variation (differential percentage in comparison to the control value
storage time. The results are presented as mean ± standard deviation.
a-Tocopherol
Aloysia citrodora (lemon verbena)
Control (0 months, 0 kGy) 15.3 ± 0.4
Electron-beam (EB) 0 kGy 77 ± 5
10 kGy 74 ± 7
p-value (n ¼ 18) 0.148
Storage time (ST) 12 months 70 ± 4
18 months 81 ± 2
p-value (n ¼ 18) <0.001
(EB  ST) p-value (n ¼ 36) 0.033
Melissa ofﬁcinalis (lemon balm)
Control (0 months, 0 kGy) 29 ± 1
Electron-beam (EB) 0 kGy 75 ± 2
10 kGy 69 ± 4
p-value (n ¼ 18) <0.001
Storage time (ST) 12 months 70 ± 5
18 months 74 ± 2
p-value (n ¼ 18) 0.002
(EB  ST) p-value (n ¼ 36) <0.001
Melittis melissophyllum (bastard balm)
Control (0 months, 0 kGy) 0.88 ± 0.05
Electron-beam (EB) 0 kGy 71 ± 8
10 kGy 80 ± 4
p-value (n ¼ 18) <0.001
Storage time (ST) 12 months 72 ± 8
18 months 78 ± 6
p-value (n ¼ 18) 0.018
(EB  ST) p-value (n ¼ 36) 0.131
Mentha piperita (peppermint)
Control (0 months, 0 kGy) 16.5 ± 0.4
Electron-beam (EB) 0 kGy 64 ± 8
10 kGy 64 ± 10
p-value (n ¼ 18) 0.915
Storage time (ST) 12 months 56 ± 3
18 months 73 ± 2
p-value (n ¼ 18) <0.001
(EB  ST) p-value (n ¼ 36) 0.004
a This parameter was not detected in the samples treated under these conditions.3.1. Effects on chemical parameters
Concerning proximate composition and colour parameters
(Table 1), the interaction (EB  ST) among factor was signiﬁcant
(p < 0.05) only in few occasions, thereby allowing performing
multiple comparisons in most situations. Regarding nutritional
parameters, fat (especially in A. citrodora and M. piperita) and ash
content tended to decrease along ST, and this reduction could not
be attenuated by EB. Among colour parameters, the only signiﬁcant
differences were found in redness (a*), which decreased along ST in
all plant species.
Nevertheless, themain result observable in Table 1 is the general
absence of a signiﬁcant effect of both factors in the assayed pa-
rameters. In fact, in 62.5% of the cases (40 out of 64) the percentage
variation in comparison to the corresponding control laid below 5%,
indicating and apparent stability of the nutritional (except fat and
ash) and colour parameters (except a*), which might be considered
as an indicator of the suitability of EB as a conservation method-
ology for these plants. Themaintenance of L* and b*, in particular, in
association with the decrease in a* (which indicate “greener”
samples) is a positive result, considering that colour parameters
represent a good measure of adequate post-harvest preservation
processes (Hsu, Simonne, Jitareerat,&Marshall, 2010; Jo, Son, Shin,
& Byun, 2003).
Concerning the effects over hydrophilic compounds (Table 2),
namely free sugars and organic acids, there was an evidents: Pereira, Antonio, Rafalski, et al., 2015) in response to electron-beam at 10 kGy and
b-Tocopherol g-Tocopherol Total tocopherols
0.41 ± 0.04 1.8 ± 0.1 17.5 ± 0.4
31 ± 14 81 ± 5 77 ± 5
11 ± 21 78 ± 7 74 ± 6
0.003 0.236 0.113
21 ± 16 75 ± 4 70 ± 3
21 ± 24 84 ± 3 81 ± 2
0.990 <0.001 <0.001
0.363 0.138 0.010
1.3 ± 0.1 1.5 ± 0.1 32 ± 1
63 ± 10 43 ± 14 73 ± 2
52 ± 22 31 ± 18 66 ± 5
0.054 0.037 <0.001
45 ± 16 25 ± 13 67 ± 5
70 ± 7 49 ± 11 73 ± 3
<0.001 <0.001 <0.001
0.002 0.437 <0.001
13.4 ± 0.3 0.18 ± 0.02 14.6 ± 0.4
100a 9±11 16 ± 10
100a 20 ± 5 20 ± 9
e 0.220 0.223
100a 5±9 12 ± 8
100a 17 ± 7 24 ± 7
e <0.001 <0.001
e 0.234 0.653
1.1 ± 0.1 1.8 ± 0.1 19.7 ± 0.5
100a 63 ± 11 65 ± 8
100a 52 ± 13 65 ± 10
e 0.011 0.828
100a 48 ± 9 57 ± 3
100a 68 ± 7 73 ± 2
e <0.001 <0.001
e 0.973 0.005
Table 4
Major fatty acids variation (differential percentage in comparison to the control values: Pereira, Antonio, Rafalski, et al., 2015) in response to electron-beam at 10 kGy and storage time. The results are presented as
mean ± standard deviation.
C14:0 C15:0 C16:0 C17:0 C18:0 C18:1 C18:2 C18:3n3 C20:0 C20:3n3 þ C21:0 C22:0 C24:0 SFA MUFA PUFA
Aloysia citrodora (lemon verbena)
Control (0 months, 0 kGy) 1.1 ± 0.1 0.58 ± 0.02 15.7 ± 0.2 0.22 ± 0.01 1.17 ± 0.01 0.95 ± 0.02 12.6 ± 0.1 56.2 ± 0.3 0.87 ± 0.02 0.30 ± 0.01 1.00 ± 0.02 1.4 ± 0.1 28.6 ± 0.2 2.07 ± 0.03 69.3 ± 0.3
Electron-beam (EB) 0 kGy 290 ± 112 42 ± 46 42 ± 9 145 ± 39 227 ± 53 205 ± 60 13 ± 6 32 ± 8 28 ± 37 60 ± 33 20 ± 38 117 ± 60 67 ± 19 143 ± 42 28 ± 8
10 kGy 56 ± 30 33 ± 53 42 ± 5 114 ± 24 88 ± 13 104 ± 63 10 ± 4 22 ± 7 1±51 117 ± 31 45 ± 28 138 ± 106 47 ± 9 43 ± 42 16 ± 5
p-value (n ¼ 18) <0.001 0.591 0.869 0.007 <0.001 <0.001 <0.001 0.001 0.080 <0.001 0.029 0.461 0.001 <0.001 <0.001
Storage time (ST) 12 months 131 ± 66 84 ± 2 38 ± 5 105 ± 20 133 ± 52 98 ± 57 1±8 20 ± 4 56 ± 9 92 ± 33 6 ± 21 60 ± 34 44 ± 6 54 ± 54 16 ± 5
18 months 215 ± 185 10 ± 18 46 ± 6 153 ± 31 182 ± 95 211 ± 54 2±16 34 ± 6 28 ± 24 86 ± 51 59 ± 24 195 ± 66 70 ± 16 132 ± 53 28 ± 7
p-value (n ¼ 18) 0.084 <0.001 <0.001 <0.001 0.063 <0.001 0.627 <0.001 <0.001 0.670 <0.001 <0.001 <0.001 <0.001 <0.001
(EB  ST) p-value (n ¼ 36) <0.001 0.155 <0.001 0.025 <0.001 0.412 <0.001 0.027 0.001 0.004 0.394 <0.001 <0.001 0.568 <0.001
Melissa ofﬁcinalis (lemon balm)
Control (0 months, 0 kGy) 2.9 ± 0.1 0.44 ± 0.03 22.7 ± 0.3 0.81 ± 0.01 3.6 ± 0.1 4.9 ± 0.2 15.3 ± 0.4 33.2 ± 0.5 3.4 ± 0.1 0.28 ± 0.01 1.3 ± 0.1 1.2 ± 0.2 41.2 ± 0.5 6.2 ± 0.2 52.6 ± 0.5
Electron-beam (EB) 0 kGy 90 ± 56 140 ± 47 34 ± 4 72 ± 36 84 ± 22 103 ± 17 12 ± 33 48 ± 7 15 ± 7 92 ± 66 10 ± 13 78 ± 33 36 ± 2 74 ± 9 35 ± 2
10 kGy 409 ± 249 197 ± 59 50 ± 12 68 ± 40 133 ± 77 166 ± 84 10 ± 8 51 ± 14 2±11 132 ± 66 16 ± 9 101 ± 34 47 ± 6 114 ± 60 41 ± 9
p-value (n ¼ 18) <0.001 0.003 <0.001 0.760 0.017 0.006 0.013 0.394 <0.001 0.081 0.179 0.049 <0.001 0.013 0.009
Storage time (ST) 12 months 110 ± 68 196 ± 61 47 ± 13 55 ± 31 63 ± 13 100 ± 19 18 ± 4 39 ± 4 15 ± 7 171 ± 38 16 ± 11 70 ± 28 40 ± 3 68 ± 14 34 ± 3
18 months 390 ± 270 142 ± 46 37 ± 10 86 ± 38 153 ± 57 170 ± 81 21 ± 24 60 ± 6 2±11 54 ± 29 10 ± 11 108 ± 30 44 ± 9 120 ± 54 41 ± 8
p-value (n ¼ 18) <0.001 0.005 0.018 0.011 <0.001 0.002 <0.001 <0.001 <0.001 <0.001 0.128 <0.001 0.113 0.001 0.003
(EB  ST) p-value (n ¼ 36) <0.001 0.210 0.003 0.132 <0.001 <0.001 <0.001 <0.001 0.002 0.828 0.001 0.444 <0.001 <0.001 <0.001
Melittis melissophyllum (bastard balm)
Control (0 months, 0 kGy) 0.58 ± 0.03 0.90 ± 0.02 14.3 ± 0.2 0.24 ± 0.02 2.41 ± 0.05 11.5 ± 0.3 14.8 ± 0.4 36 ± 1 0.88 ± 0.02 0.24 ± 0.01 1.3 ± 0.1 3.0 ± 0.1 30.4 ± 0.2 13.1 ± 0.2 56.5 ± 0.2
Electron-beam (EB) 0 kGy 462 ± 152 185 ± 100 69 ± 4 95 ± 39 50 ± 29 14 ± 4 7±3 40 ± 7 27 ± 33 10 ± 60 4 ± 24 104 ± 29 69 ± 4 13 ± 7 25 ± 2
10 kGy 352 ± 136 688 ± 550 66 ± 9 124 ± 26 53 ± 19 8±4 17 ± 3 40 ± 5 64 ± 41 17 ± 95 46 ± 43 126 ± 34 80 ± 11 6±3 22 ± 3
p-value (n ¼ 18) 0.029 0.001 0.156 0.016 0.709 <0.001 <0.001 0.993 0.005 0.315 0.001 0.045 0.001 <0.001 0.016
Storage time (ST) 12 months 535 ± 86 749 ± 488 71 ± 6 101 ± 39 37 ± 15 4 ± 8 14 ± 5 35 ± 3 15 ± 21 68 ± 6 2±19 140 ± 25 78 ± 13 1 ± 7 24 ± 2
18 months 278 ± 72 124 ± 42 65 ± 6 118 ± 31 67 ± 22 3 ± 14 11 ± 7 44 ± 4 76 ± 33 75 ± 46 53 ± 37 91 ± 20 72 ± 5 6 ± 14 23 ± 4
p-value (n ¼ 18) <0.001 <0.001 0.005 0.178 <0.001 0.849 0.178 <0.001 <0.001 <0.001 <0.001 <0.001 0.053 0.157 0.414
(EB  ST) p-value (n ¼ 36) 0.595 <0.001 0.009 0.251 0.002 <0.001 0.408 <0.001 0.635 <0.001 0.001 0.259 <0.001 <0.001 <0.001
Mentha piperita (peppermint)
Control (0 months, 0 kGy) 1.4 ± 0.1 0.59 ± 0.05 10.4 ± 0.3 0.44 ± 0.01 2.47 ± 0.03 1.62 ± 0.05 7.3 ± 0.1 46 ± 1 15.8 ± 0.5 0.45 ± 0.04 2.6 ± 0.1 2.1 ± 0.1 38 ± 1 4.1 ± 0.1 58 ± 1
Electron-beam (EB) 0 kGy 350 ± 223 532 ± 383 48 ± 12 38 ± 17 63 ± 15 107 ± 59 8 ± 18 35 ± 9 23 ± 8 28 ± 47 19 ± 9 19 ± 70 51 ± 13 82 ± 57 25 ± 8
10 kGy 177 ± 136 197 ± 85 38 ± 20 33 ± 24 24 ± 12 45 ± 42 4 ± 14 32 ± 11 23 ± 9 34 ± 46 28 ± 25 2±70 37 ± 15 37 ± 35 19 ± 9
p-value (n ¼ 18) 0.009 0.002 0.062 0.504 <0.001 0.001 0.521 0.291 0.845 0.686 0.184 0.381 0.004 0.008 0.066
Storage time (ST) 12 months 430 ± 149 585 ± 329 58 ± 6 42 ± 24 44 ± 28 122 ± 44 9±5 24 ± 3 27 ± 8 76 ± 3 35 ± 19 58 ± 12 57 ± 7 103 ± 36 31 ± 3
18 months 96 ± 55 143 ± 41 28 ± 11 30 ± 14 43 ± 21 30 ± 28 20 ± 8 43 ± 3 18 ± 5 13 ± 9 13 ± 11 75 ± 20 31 ± 9 16 ± 15 14 ± 4
p-value (n ¼ 18) <0.001 <0.001 <0.001 0.078 0.819 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
(EB  ST) p-value (n ¼ 36) <0.001 <0.001 <0.001 0.555 0.160 0.005 0.025 0.013 0.007 0.683 <0.001 0.920 0.073 <0.001 0.099
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M. melissophyllum and quinic acid and malic acid inM. ofﬁcinalis. It
is also noticeable that the reducing effect induced by ST was more
pronounced (except for A. citrodora) than the one resulting from EB.
Furthermore, the decrease observed after 18 months was signiﬁ-
cantly stronger for glucose (in A. citrodora andM. piperita), sucrose,
trehalose and total sugars (all in M. piperita), quinic and shikimic
acid (in M. melissophyllum), citric acid (in A. citrodora) and total
organic acids (in A. citrodora and M. melissophyllum). However, the
overall reduction of free sugars and organic acids was attenuated by
EB treatment in several occurrences, namely in fructose (in
M. melissophyllum and M. piperita), glucose (in all species except
A. citrodora), sucrose (in M. piperita), trehalose and total sugars (in
all species except A. citrodora) and malic acid (in A. citrodora). In
general, the compounds that presented the highest differences
were glucose, sucrose, shikimic and citric acids.
The contents in tocopherols showed also a marked decrease
throughout ST, which was signiﬁcantly higher (except for b-
tocopherol) after 18 months, when compared to the results
measured after 12 months, (Table 3). The applied EB treatment
could not prevent those signiﬁcant reductions in most occasions,Table 5
Variation in the EC50 values of different antioxidant assays, phenols and ﬂavonoids conten
Antonio, Rafalski, et al., 2015) in response to electron-beam at 10 kGy and storage time.
DPPH scavenging
activity
Reducing
power
b-caro
inhib
Infusion MeOH Infusion MeOH Infusi
Aloysia citrodora (lemon verbena)
Control
(0 months)
0 kGy 232 ± 8 39 ± 4 169 ± 1 22.8 ± 0.3 580 ±
Electron-beam (EB) 0 kGy 9±12 4±14 6±14 10 ± 2 74 ±
10 kGy 5 ± 16 5 ± 12 9 ± 10 1±1 88 ±
p-value (n ¼ 18) 0.008 0.035 0.001 <0.001 <0.00
Storage time (ST) 12 months 4±7 11 ± 7 3 ± 4 6±6 74 ±
18 months 1±21 12 ± 6 1±20 4±3 87 ±
p-value (n ¼ 18) 0.468 <0.001 0.424 0.383 <0.00
(EB  ST) p-value (n ¼ 36) <0.001 0.198 <0.001 <0.001 <0.00
Melissa ofﬁcinalis (lemon balm)
Control
(0 months)
0 kGy 101 ± 3 67 ± 1 80 ± 1 44 ± 1 165 ±
Electron-beam (EB) 0 kGy 12 ± 10 16 ± 14 15 ± 14 22 ± 1 4 ± 4
10 kGy 28 ± 8 13 ± 13 13 ± 5 29 ± 3 61 ±
p-value (n ¼ 18) <0.001 0.588 0.697 <0.001 <0.00
Storage time (ST) 12 months 14 ± 10 25 ± 7 23 ± 6 27 ± 5 43 ±
18 months 25 ± 12 4±10 5 ± 4 24 ± 2 15 ±
p-value (n ¼ 18) 0.006 <0.001 <0.001 0.076 0.048
(EB  ST) p-value (n ¼ 36) 0.309 0.812 <0.001 <0.001 0.019
Melittis melissophyllum (bastard balm)
Control
(0 months)
0 kGy 583 ± 24 354 ± 39 512 ± 16 249 ± 2 1648
Electron-beam (EB) 0 kGy 51 ± 32 60 ± 17 35 ± 42 42 ± 34 95 ±
10 kGy 54 ± 29 38 ± 29 38 ± 40 11 ± 70 93 ±
p-value (n ¼ 18) 0.743 0.013 0.824 0.007 0.022
Storage time (ST) 12 months 23 ± 7 27 ± 17 4 ± 2 35 ± 45 91 ±
18 months 82 ± 1 72 ± 5 76 ± 1 66 ± 10 96 ±
p-value (n ¼ 18) <0.001 <0.001 <0.001 <0.001 <0.00
(EB  ST) p-value (n ¼ 36) 0.050 <0.001 <0.001 <0.001 <0.00
Mentha piperita (peppermint)
Control
(0 months)
0 kGy 184 ± 5 83 ± 7 119 ± 2 52 ± 2 597 ±
Electron-beam (EB) 0 kGy 143 ± 11 127 ± 31 18 ± 2 1 ± 1 73 ±
10 kGy 183 ± 17 158 ± 35 12 ± 2 7±6 79 ±
p-value (n ¼ 18) <0.001 0.009 <0.001 <0.001 0.093
Storage time (ST) 12 months 160 ± 24 111 ± 16 5 ± 15 6±7 66 ±
18 months 165 ± 26 173 ± 19 1 ± 16 1±1 85 ±
p-value (n ¼ 18) 0.531 <0.001 0.514 0.006 <0.00
(EB  ST) p-value (n ¼ 36) 0.588 0.190 0.047 <0.001 0.872but it has a positive effect in a-tocopherol (in M. ofﬁcinalis), b-
tocopherol (in A. citrodora), g-tocopherol (in M. ofﬁcinalis and
M. piperita) and total tocopherols (in M. ofﬁcinalis). Except for
A. citrodora, a and b isoforms seemed to be the most susceptible to
EB irradiation, in line with previously reported results (Warner,
Miller, & Demurin, 2008).
A large number of fatty acids, namely C6:0, C8:0, C10:0, C11:0
(except in M. melissophyllum), C12:0, C13:0, C14:1 (except in
A. citrodora and M. melissophyllum), C15:1, C16:1, C18:3n6 (only in
M. melissophyllum), C20:1, C20:2, C20:5n3 (except in A. citrodora
and M. melissophyllum), C22:1 (except in M. ofﬁcinalis and
M. melissophyllum), C22:6n3 (except in M. ofﬁcinalis and
A. citrodora) and (C23:0.) were detected in relative percentages
lower than 1%. Accordingly, and despite the variations in those
minor fatty acids were also included in the PCA, they were not
included in Table 4.
Contrary to previous parameters, the interaction among factors
was signiﬁcant in most cases. By restricting the analysis to those
results were the interaction was not signiﬁcant and at least one of
the factors had a signiﬁcant effect per se, some deﬁned tendencies
were noticeable. While non-irradiated samples of A. citrodora andts (presented as differential percentages in comparison to the control values: Pereira,
The results are presented as mean ± standard deviation.
tene bleaching
ition
TBARS formation
inhibition
Phenols Flavonoids
on MeOH Infusion MeOH Infusion MeOH Infusion MeOH
31 208 ± 9 121 ± 5 24 ± 4 134 ± 8 665 ± 13 92 ± 1 369 ± 5
12 85 ± 1 181 ± 78 4 ± 55 12 ± 8 10 ± 7 23 ± 32 16 ± 4
3 91 ± 2 422 ± 19 70 ± 49 2±33 2 ± 8 24 ± 40 5 ± 3
1 <0.001 <0.001 0.001 0.098 0.003 0.955 <0.001
13 89 ± 4 339 ± 93 7±35 20 ± 13 13 ± 5 11 ± 9 13 ± 7
3 87 ± 3 264 ± 160 81 ± 50 10 ± 24 1±5 58 ± 5 7 ± 5
1 0.111 0.093 <0.001 <0.001 <0.001 <0.001 0.003
1 0.002 <0.001 0.974 <0.001 0.268 <0.001 0.008
4 125 ± 3 145 ± 8 31.5 ± 0.3 100 ± 1 829 ± 6 63 ± 1 448 ± 4
0 47 ± 22 20 ± 25 1±5 31 ± 29 1 ± 28 29 ± 14 38 ± 4
8 44 ± 22 43 ± 18 43 ± 31 26 ± 33 9 ± 33 33 ± 12 44 ± 7
1 0.713 0.003 <0.001 0.668 0.430 0.326 0.005
35 25 ± 5 49 ± 11 31 ± 40 1 ± 6 34 ± 7 20 ± 8 45 ± 6
47 66 ± 7 15 ± 22 12 ± 14 59 ± 1 26 ± 2 42 ± 6 37 ± 2
<0.001 <0.001 0.081 <0.001 <0.001 <0.001 <0.001
0.741 0.002 <0.001 0.002 <0.001 0.793 <0.001
± 154 447 ± 66 589 ± 25 187 ± 9 70 ± 4 160 ± 3 29 ± 2 108 ± 4
2 82 ± 7 18 ± 50 77 ± 11 56 ± 44 110 ± 88 82 ± 59 159 ± 143
3 74 ± 14 32 ± 32 68 ± 12 66 ± 30 104 ± 96 98 ± 55 107 ± 122
0.035 0.330 0.036 0.413 0.858 0.398 0.243
2 68 ± 7 15 ± 18 62 ± 5 26 ± 17 18 ± 7 35 ± 11 4 ± 17
1 88 ± 2 64 ± 3 83 ± 4 97 ± 3 196 ± 10 146 ± 7 261 ± 38
1 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
1 <0.001 <0.001 0.482 <0.001 0.001 <0.001 <0.001
44 184 ± 5 54 ± 6 11 ± 1 218 ± 2 591 ± 19 117 ± 2 319 ± 6
10 13 ± 33 79 ± 10 125 ± 37 29 ± 24 7 ± 5 23 ± 33 6 ± 7
10 54 ± 4 50 ± 30 29 ± 8 32 ± 23 20 ± 15 20 ± 36 21 ± 15
<0.001 0.001 <0.001 0.728 0.003 0.770 0.001
4 16 ± 37 53 ± 33 55 ± 87 8±2 23 ± 12 12 ± 3 24 ± 12
4 51 ± 7 76 ± 10 41 ± 79 53 ± 1 4 ± 2 55 ± 1 3 ± 3
1 0.001 0.014 0.634 <0.001 <0.001 <0.001 <0.001
<0.001 <0.001 0.297 <0.001 <0.001 <0.001 <0.001
E. Pereira et al. / LWT - Food Science and Technology 82 (2017) 386e395 393M. piperita presented the highest increase in saturated fatty acids,
the same effect was observed in the irradiated samples of
M. ofﬁcinalis and M. melissophyllum. On the other hand, mono-
unsaturated fatty acids (MUFA) suffer, in general, higher increase in
irradiated samples, while the reduction in polyunsaturated fatty
acids (PUFA), such as C18:2n6, C18:3n3, was similar, independently
of EB, ST and plant species. Nevertheless, EB treatment attenuated
PUFA content in all plant species, except M. piperita.3.2. Effects on antioxidant parameters
In line with the veriﬁed factors for the fatty acids variation, the
interaction among factors was signiﬁcant (p < 0.05) in several oc-
casions, thereby restricting multiple comparisons to speciﬁc casesFig. 1. Biplot of object scores: (A) storage times: circles, 12 months; squares, 18 months;
A. citrodora; squares, M. ofﬁcinalis; triangles, M. melissophyllum; stars, M. piperita; and com
principal components obtained by orthogonal transformation of the original variables are
corresponding axis.(in reducing power, in particular, no comparisons could be made).
In general, changes in antioxidant activity were inﬂuenced by
extract type (infusion or methanolic) and plant species (Table 5).
The ability to scavenge DPPH radicals lowered in M. ofﬁcinalis
(infusion) and M. piperita, in both extracts (despite the protective
effect exerted by EB treatment), as evidenced by the positive vari-
ation of their EC50 values; on the other hand, DPPH scavenging
activity increased in the methanolic extracts of M. ofﬁcinalis and in
M. melissophyllum infusions. Regarding the capacity to inhibit b-
carotene bleaching, and despite the signiﬁcant interaction among
factors in most occasions, the overall tendency pointed towards its
increase (negative variations in EC50 values), showing also to be
independent from extract type or plant species. In what concerns
TBARS assay, and despite the signiﬁcant interaction among effects(B) electron-beam doses: circles, 0 kGy; squares, 10 kGy; (C) plant species: circles,
ponent loadings (evaluated parameters). The ﬁrst three dimensions deﬁned from the
plotted. The percentage of variance explained by each dimension is indicated in the
E. Pereira et al. / LWT - Food Science and Technology 82 (2017) 386e395394(particularly for infusions), all species (except M. mellissophyllum)
tended to present less activity throughout ST.
Concerning the contents in phenols and ﬂavonoids, the in-
teractions among ST and EB were also signiﬁcant in most occasions.
Still, some overall trends were identiﬁed, namely the higher
amount of phenolic compounds in the methanolic extracts of
irradiatedM. ofﬁcinalis and M. piperita and in both extracts of non-
irradiated A. citrodora. The levels of ﬂavonoids did not show to be
signiﬁcantly different among unirradiated and irradiated samples
(except for the methanolic extracts of A. citrodora,M. ofﬁcinalis and
M. piperita). Additionally, and exempting M. mellissophyllum, total
phenolic compounds and ﬂavonoids levels tended to be higher in
samples stored during 12 months, in comparison to the observed
among those stored during 18 months.
3.3. Principal component analysis (PCA)
For the effects of ST and EB on several chemical and antioxidant
parameters, some signiﬁcant changes were identiﬁed, but it would
also be interesting to ﬁnd the parameters with the most noticeable
changes within each studied factor, when considering differences
of all assayed parameters simultaneously. Accordingly, the results
were evaluated considering data for all studied EB doses, ST and
plant species through a categorical principal components analysis
(CATPCA).
The plot of object scores for different ST and EB (Fig. 1A, Fig. 1B),
in which the ﬁrst three dimensions are represented (ﬁrst: Cron-
bach's a ¼ 0.942; eigenvalue ¼ 13.346; second: Cronbach's
a ¼ 0.906; eigenvalue ¼ 9.080; third: Cronbach's a ¼ 0.877;
eigenvalue ¼ 7.202) account for most variance of all quantiﬁed
variables (23.4%, 15.9% and 12.6%, respectively). As it can be seen,
markers corresponding to each factor level (12 months and 18
months, for ST, or 0 kGy and 10 kGy, for EB) were not clustered
individually. Therefore, there is no logic in proceeding with the
analysis of associations among principal components and
parameters.
On other hand, when comparing the effects of EB and ST as a
function of plant species, the differences are obvious. Three main
groups were formed: one corresponding to A. citrodora and
M. ofﬁcinalis, and two other groups, corresponding to each of the
remaining species. According to the correlations among parameters
and principal components (data not shown to avoid the over-
lapping of markers), A. citrodora and M. ofﬁcinalis were mainly
characterized by increases in protein content, malic acid, C18:0,
C18:1n9, C23:0, MUFA, b-tocopherol and also in TBARS formation
inhibition EC50 values (for either aqueous andmethanolic extracts).
Conversely, these same species had high decreases in fat, sucrose,
trehalose, C20:0 and total tocopherols. As can be seen in Fig. 1C,
markers corresponding to M. melissophyllum were localized in a
diametrically opposite position; thereby, it is easily to conclude that
the most representative changes in this species are exactly the
opposite of those indicated for A. citrodora andM. ofﬁcinalis. Finally,
M. piperita was mainly characterized for presenting high increases
in a-tocopherol, C8:0, C15:1 and in EC50 values of DPPH scavenging
activity (independently of extract type), reducing power (in
methanolic extracts) and b-carotene bleaching inhibition (in
methanolic extracts, also); on the other hand, these samples
showed a signiﬁcant decrease in glucose, total sugars, C6:0, C13:0
and C17:0.
4. Conclusion
In general, nutritional and colour parameters were the ones
with less signiﬁcant changes. The individual compounds, e.g. free
sugars, organic acids, tocopherols and polyunsaturated fatty acids,revealed high reduction throughout storage, but the application of
electron-beam, despite not preventing that reduction completely,
had a signiﬁcantly attenuating action. However, changes induced
by irradiation and storage time showed some heterogeneity among
species (particularly in M. melissophyllum). Therefore, further
evaluation assays with different plant species are needed to achieve
a better understanding of the effects resulting from electron-beam
application.
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